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Anomalous mole fraction effectproperties of the cardiac RyR channel reconstituted into bilayer lipidmembranes
were investigated systematically. We tested the presence of the anomalousmole fraction effect (AMFE) for the
ion conductance and the reversal potential with varying mole fractions of two permeant ions, while the total
ion concentrationwas lower, as in previous studies, to avoid the masking effect of the channel pore saturation
with ions. Mixtures of Ba2+ with other divalents (Ca2+, Sr2+), of Ca2+ with monovalents (Li+, Cs+), and of Na+
with other monovalents (Cs+, Li+) were used. We revealed a clear anomaly only for the ion conductance
measured in the Na+–Cs+ and Ca2+–Li+ mixtures as computed by a Poisson–Nernst–Planck/density functional
theory (PNP/DFT) model. Furthermore, we found a signiﬁcant minimum in the concentration dependence of
the reversal potential determined under Li+/Ca2+ bi-ionic conditions. Our study led to new observations that
may have important implications for understanding the mechanisms involved in ion handling in the RyR
channel pore; furthermore our results could be useful for further validation of ion permeation models
developed for the RyR channel.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe RyR channel plays an essential role in excitation–contraction
(EC) coupling in muscle cells. This channel provides a suitable path-
way for the rapid release of Ca2+ from the sarcoplasmic reticulum (SR),
a Ca2+-storage organelle, that initiates muscle contraction. The
mechanisms of ion permeation through the RyR channel have been
extensively studied [1–6] and reviewed [7,8]. The RyR channel has
been shown to be cation-selective and to have an unusually large ion
conductance for both monovalent cations (∼800 pS with 250 mM K+
as conducting ion) and divalent cations (∼150 pS with 50 mM Ca2+),
while maintaining high divalent versus monovalent cation selectivity
(PCa/PK ∼7) [9,10]. The crystallographic structure of the RyR channel is
currently unavailable. Therefore, it is not possible to build the three-
dimensional model with atomic resolution reﬂecting the spatial
arrangement of individual amino acids in the pore region. Thus, it is
not possible to calculate the shape of electrostatic ﬁelds inside the
conductive pore that would lead to the understanding of ion handling
mechanisms. Despite this limitation, a preliminary structural model of
the putative pore region of the cardiac RyR channel was constructed
[11]. First, the structure of the pore of bacterial K+ channel KcsA
determined at the atomic level was used as a template [12,13], and the
information on the dimensions of the conductive pathway was
obtained from investigating the interactions of permeant and
impermeant ions [6,14,15]. The essential features of the RyR channel
model are as follows. Entry to the pore from cytosol is via a tunnel that421 2 54773666.
burjakova).
ll rights reserved.opens into a cytosolic cavity. The remaining region is the selectivity
ﬁlter that is the narrowest part of the conduction pathway. From a
quantitative point of view, this model was able to simulate experi-
mental observationswith permeant and impermeant ions. In addition,
it has identiﬁed several amino acids that interact strongly with per-
meating ions. Thus, this model allows the interpretation of funda-
mental characteristics of ion selection and translocation in the cardiac
RyR channel in light of putative structural features.
To understand the relationship between channel permeation cha-
racteristics and the physical determinants underlying permeation in
theRyR channel, the ion diffusionhas beenmodeledwith twodifferent
approaches, namely barrier models [14] and Poisson–Nernst–Planck
(PNP) models [16–18]. Barrier models belong to traditional models of
ion permeation that imagine an ionmoving through a channel pore by
hopping over barriers, without collisions with other atoms. An
alternative description of ion permeation is PNP theory, which
describes the ionic ﬂux driven by electrodiffusion using a combination
of Poisson and Nernst–Planck equations. These models are only crude
approximations that cannot explicitly show how speciﬁc protein
structures control permeation. Each model has several limits mimick-
ing real experiments; however, each of them provides some valuable
insights that suggest general principles relevant to ion permeation.
In the absence of detailed structural information, it is not possible
to visualize how many ions are present in the pore of a channel. Cur-
rently, mathematical models of ion permeation are the only available
approaches that can provide an approximation to what actually
happens during the translocation of ions in the channel. The models
are extremely helpful when used to evaluate how potential mechan-
isms might contribute to experimentally observed phenomena. For a
long time, an electrical method testing the presence of anomalous
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proaches how to assess indirectly the ion occupancy inside the channel
pore [19]. This method involves monitoring the ion conductance and
the reversal potential of a channel with varying mole fractions of two
permeant ions while keeping total ion concentration constant. For
some channels, both parameters change monotonically between the
two endpoint values determined in pure solution of either permeant
ion. For some channels, however, two species of ion, when mixed,
produce a minimum (an anomaly) in the ion conductance or the
reversal potential that is less than the endpoint values. The relation-
ship between the AMFE and channel occupancy is, however, model-
dependent. In terms of barriermodels, the presence of the AMFE is one
of the most widely accepted lines of evidence supporting multi-ion
occupancy of the channel pore (two or more ions are present in the
channel pore at a time) [20,21]. The single-ion occupancy model
predicts monotonic changes in the ion conductance and the reversal
potential as the proportion of two permeant ions is varied. In contrast,
interactions of ions within a multi-ion pore can lead to the appearance
of minima. The failure to demonstrate the AMFE for the RyR channel
supports the proposal of a single-ion channel (one ion present in the
pore at a time) [14]. In contrast, PNP models predict that the AMFE is
not the result of single-ion or multi-ion occupancy but that it arises
naturally and indicates a relatively high afﬁnity of the channel for one
ion species over the other [22]. Thus, the presence of the AMFE does
not imply that permeation is through a multi-occupied pore. None of
the experiments showed the AMFE until a new model of ion
permeation (PNP/density functional theory) of the RyR channel was
reported byGillespie et al. [23]. This extendedPNPmodel predicted the
AMFE for mixtures of Na+ with Cs+, Ca2+ with Cs+, and Ca2+ with Na+,
which have been experimentally veriﬁed [23,28]. Importantly, the
PNP/DFT model computed the occupancy of the selectivity ﬁlter and
described the RyR channel as a multi-ion channel with approximately
three monovalent ions in the selectivity ﬁlter at a time. Thus, in the
case of the RyR channel model, the AMFE is accompanied bymulti-ion
occupancy of a channel pore.
It is becoming obvious that the occurrence of AMFE depends on the
ion species, the concentration range, and the method of observation
[20,24]. Recently, it has been computed and experimentally veriﬁed
with synthetic nanopores that the AMFE occurs only when the pore is
ion selective. Furthermore, if anAMFEwants to be seen in experiments,
the endpoint conductances of the pore must be approximately equal
[29]. These facts are very important for designing experiments to
visualize existent anomalies and thus testing the validity of theoretical
model predictions.
Hence, the aimof ourworkwas to look for anomalies inpermeation
properties of the RyR channel isolated from the rat hearts, using the
method of an ion channel reconstitution into the planar lipid mem-
brane. Considering the fact that the AMFE can bemaskedwhen there is
a high total concentration of permeant ions [24], we performed AMFE
experiments at lower ion concentrations that were close to KD of the
current amplitude–ion concentration curve.We examinedmixtures of
monovalent withmonovalent ions, divalent withmonovalent ions and
mixtures of divalent with divalent ions. In addition, we systematically
investigated the concentration dependence of the reversal potential
under bi-ionic conditionswhile the ratio of the ion concentrationswas
kept constant. Our results are interpreted and discussed in terms of the
barrier and PNPmodels as well as the recently published AMFE theory
[29].
2. Materials and methods
2.1. Isolation of cardiac SR microsomes
Cardiac SR microsomes were isolated from a Wistar rat heart ac-
cording to Buck et al. [26] with few modiﬁcations. The isolated left
ventricles from four hearts (4 g) were homogenized with a TissueTearor (Biospec Products, Bartlesville) in ﬁve volumes of homogeniza-
tion buffer [1 M KCl, 10 mM Tris-maleate, pH 7.0] and a cocktail of
protease inhibitors (Roche Applied Science, Mannheim, Germany)
[1 mM Benzamidin, 5 μg ml−1 Pepstatine, 5 μg ml−1 Leupeptine, 1 μM
Calpain inhibitor I,1 μgml−1 Aprotinin,1 mMAEBSF]. The homogenate
was centrifuged for 20 min at 10,000×gmax at 4 °C. The supernatant
was discarded, and the remaining pellet was homogenized in an ice-
cold homogenization buffer and then centrifuged for 20 min at
6000 ×gmax at 4 °C. The supernatant was centrifuged for 25 min at
24,000×gmax at 4 °C and the resulting supernatant was further
centrifuged for 120 min at 41,000×gmax at 4 °C. The ﬁnal pellet was
resuspended in buffer: 10% sucrose, 10 mM Tris-maleate, 0.9% NaCl,
pH 6.8. Aliquots were snap frozen in liquid N2 and stored at −70 °C
until used.
2.2. Single-channel recordings
Single-channel experiments were conducted under voltage-clamp
conditions. Cardiac SR vesicles were fused to bilayer lipid membranes
(BLMs), composed of a 3:1 mixture of phosphatidylethanolamine and
phosphatidylserine (Avanti Polar Lipids, Alabaster, AL) dissolved in n-
decane (25 mg ml−1). The BLM was formed across a 50 μm hole in a
polystyrene partition separating two chambers. The cis and trans
chambers correspond to the cytosol and the lumen of the SR,
respectively.
The concentration dependence of the current amplitude (Fig.1)was
investigated in the following solutions: cis, 125 mM Tris, 250 mM
HEPES, 1 mM EGTA, 0.5 mM CaCl2, pH 7.35; trans, LiOH or Ca(OH)2
buffered by HEPES to pH 7.35.
In the AMFE experiments, solutions were as follows: cis, 1 mM
EGTA, 0.5mMCaCl2, 96mMLiOH (Fig. 3) or 8mMLiOH (Fig. 4) buffered
with HEPES to pH 7.35; trans, various mixtures of monovalent (Li+, Cs+,
Na+) and divalent (Ba2+, Ca2+, Sr2+) ions, buffered with HEPES to pH
7.35. In each experiment, the total ion concentrationwas kept constant
(8 mM for mixtures of divalent ions and mixtures of divalents with
monovalents; 96 mM for mixtures of monovalents). In our case, all
AMFE experiments were conducted under asymmetric conditions, in
the presence of three permeant ions (except Ca2+–Li+ mixture when
only two ions were used). Ideally, the AMFE experiments are
performed under symmetric conditions when identical solutions are
present on both sides of the channel. The alternative approach,
employed in our study, was described by Yue and Marban [27]. They
justiﬁed the use of only a part of the current–voltage relationship
obtained with a mixture of divalent ions on one side of the membrane
and a monovalent ion on the other. Given this argument, we
determined the ion conductance (G) and the reversal potential (Erev)
from linear regression of the points in the current–voltage relation-
ships corresponding to positive currents reﬂecting permeation of ions
from the trans chamber (Supplementary Fig. 1). Li+ ﬂux in the cis-to-
trans direction would likely contribute negligibly to the considered
currents. The reversal potential represents a point at which no current
ﬂuctuations were visible; therefore, this parameter was estimated by
extrapolating the ﬁtted line to the zero current. To minimize an
overestimation of this parameter, we tried to obtain as many points as
possible close to zero current to better describe the current–voltage
relationship around the value of reversal potential. In one experi-
mental situation, we had 8 mM Li+ in the trans solution and 96 mM in
the cis solution andwemeasured the reversal potential of 10.0±5.0mV
(n=5) which is far from the expected reversal potential of ∼50 mV.
Such value was found for 250/50 mM LiCl gradients by Chen et al. [30]
and Gillespie et al. [23], a result we reproduced for 250/50 mM LiOH
gradients (46±2 mV, n=5).
Concentration dependence of the reversal potential (Fig. 5) was
investigated under bi-ionic conditions (cis: 1 mM EGTA, 0.5 mM CaCl2,
LiOH buffered with HEPES to pH 7.35; trans: Ca(OH)2 buffered with
HEPES to pH 7.35), keeping the concentration ratio of permeant ions
Fig. 1. Saturation of the cardiac RyR channel current amplitude. The current amplitude of the cardiac RyR channel is plotted as a function of [Li+] (A) or [Ca2+] (B) on the luminal face of
the channel. Experimental current data were ﬁtted by Michaelis–Menten form with KD of 93.6 mM for Li+ and 8.8 mM for Ca2+. The current amplitude was determined at 0 mV
potential. Data are presented as mean±SD, with more than ﬁve experiments used to calculate mean values. Representative current traces of the cardiac RyR channel using Li+ (C) or
Ca2+ (D) as a permeant ion ranging from 50mM to 400mM for Li+ and from 5mM to 53mM for Ca2+. The channels were activated by ∼5mM caffeine from the cytosolic side. Channel
openings are in the upward direction. Dashes at the left of the tracings indicate closed (C) state.
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tion ratios (1, 5 and 12) were tested in our study.
Free cytosolic Ca2+ concentration in cis solutions was calculated by
WinMAXC32 ver.2.50 (http://www.stanford.edu/∼cpatton/maxc.
html). At the end of the experiments, ryanodine was applied to
conﬁrm the channel identity. The experiments were carried out at
room temperature (21–23 °C). The trans chamberwas connected to the
head-stage input of Bilayer Clamp Ampliﬁer BC-525D (Warner
Instrument, Hamden, CT) with a Ag/AgCl electrode and an agar bridge.
The cis chamber was held at ground with the same type of electrode
and an agar bridge. In each experiment, prior to BLM formation, liquid
junction potentials of the experimental solutions in the presence of
agar bridges were measured (voltage offset) and compensated by the
AUTOZERO circuit of a Bilayer Clamp Ampliﬁer BC-525D (Table 1).
These potentials arose between the cis and trans solutions and at the
interface of these solutions and agar bridges. Under our experimental
conditions, the main component of the measured voltage offset was
the junction potential on the interface of cis and trans solutions. The
liquid junction potential generated between bathing solutions and
agar bridgeswere calculated by JPCalc [31] (incorporated into Clampex
10.1) and ignored because contributed negligibly (0–1.5 mV) to thevoltage offset. After forming the BLM, the cis/trans liquid junction
potential disappeared, but its compensating ampliﬁer offset remained.
Thus, the values of ampliﬁer offset compensationwere used to correct
all current–voltage relations and the reversal potentials. Single-
channel currents were ﬁltered at 1 kHz and digitized at 4 kHz. Data
were collected on a Pentium computer using AxoScope7.0 (Axon Ins-
truments, Burlingame, CA) and DigiData 1322A (Axon Instruments,
Burlingame, CA, USA) interface. Data analysis was performed with a
commercially available software package (pCLAMP5.5, Axon Instru-
ments, Burlingame, CA, USA). Data are presented as mean±SD. Differ-
ences were statistically evaluated by the one-way ANOVA and the pos-
test calculator, and they are regarded as statistically signiﬁcant at
pb0.05.
3. Results
3.1. The behavior of current amplitude with varying permeant ion
concentration
The estimation of KD for the current amplitude–ion concentration
relation was essential for appropriate adjustment of the total ion
Table 1
Experimental liquid junction potentials (Vj)
cis solution (mM) trans solution (mM) Vj (mV)






40 Li+ 8 Ca2+ 4.0±1.4
8 Li+ 8 Li+ 0.0±1.2
8 Cs+ −8.50±0.72
8 Ca2+ 4.0±1.4
Liquid junction potentials of the experimental solutions were recorded in the absence of
the BLM with respect to the cis solution. Data are presented as mean±SD of more than
four measurements. Under our experimental conditions, the main component of
measured voltage offset was the junction potential on the interface of cis and trans
solutions. The values of the ampliﬁer offset compensation were used to correct all
current–voltage relations and the reversal potentials because the cis/trans liquid
junction potential disappears after the BLM formation.
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0mV in the presence of trans-to-cis permeant ion gradient.We initially
determined the current amplitude for the RyR channel reconstituted
into the bilayer lipid membrane (BLM) at different ion concentrations
ranging from 50 mM to 400 mM for Li+ and from 5 mM to 53 mM for
Ca2+. The main aim of our study was to perform AMFE experiments for
mixtures of various monovalent and divalent ions. Therefore, Li+ was
chosen as a representative for monovalents and Ca2+ for divalents. To
obtain a sufﬁcient number of open events for determining the current
amplitude, RyR channels were activated by∼5mM caffeine, while freeFig. 2. Representative current traces of the cardiac RyR channel were obtained in various mix
ions (Ba2+–Ca2+, Ba2+–Sr2+), divalent with monovalent ions (Ca2+–Li+, Ca2+–Cs+), and twomon
of either 15 mV (Ba2+–Ca2+, Ba2+–Sr2+, Ca2+–Li+, Ca2+–Cs+) or 32 mV (Na+–Cs+, Na+–Li+). The ch
in the upward direction. Dashes at the left of the tracings indicate closed (C) state.cytosolic Ca2+ concentrationwas held constant at 90 nM. Fig. 1C and D
shows representative current traces of the RyR channel bathed by
various concentrations of either luminal Li+ or luminal Ca2+, respec-
tively. The current through the channel gradually increased as a
response to elevation of the driving force for the permeant ion across
the BLM. The current amplitudes were determined from the
corresponding all-points amplitude histograms that were ﬁtted by
the sum of two Gaussian functions (describing the closed and open
current levels). The average values of current amplitude of more than
ﬁve independent experiments were plotted as a function of either Li+
or Ca2+ concentration (Fig. 1A and B, respectively) and ﬁtted with a
Michaelis–Menten saturation curve. Such analysis yielded KD of
93.6 mM for Li+ and 8.8 mM for Ca2+.
3.2. Mole fraction dependence of the ion conductance and the reversal
potential
To see if the cardiac RyR channel exhibits an AMFE, we performed
several AMFE experiments using mixtures of various monovalent and
divalent ions. We chose Ca2+, Ba2+ and Sr2+ from divalents and Li+, Cs+
and Na+ frommonovalents. K+ was omitted from our study becausewe
used crude microsomes that contain, in addition to RyR channels, also
K+ channels. It would be difﬁcult to distinguish between these types of
channels because both of them are K+-permeable. The total concentra-
tion of permeant ions on the luminal face of the channel was either
8 mM for mixtures of divalent ions and mixtures of divalent with
monovalent ions or 96 mM for mixtures of monovalent ions. These
values were chosen to be close to determined KD for the current
amplitude–ion concentration relations. We wanted to minimize the
potential masking effect of the channel pore saturation on the AMFEtures of two permeant ions on the luminal face of the channel. Mixtures of two divalent
ovalent ions (Na+–Cs+, Na+–Li+) were used. Traces were elicited from a holding potential
annels were activated by ∼5 mM caffeine from the cytosolic side. Channel openings are
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AMFE experiments. Thus, all measurements were performed under
asymmetric conditions, in the presence of either two or three
permeant ions. This approach for AMFE experiments has been justiﬁed
by Yue and Marban [27]. The mixture of Na+ with Cs+ was investigated
to further verify the prediction of the PNP/DFT model [23]. According
to that model, the RyR channel exhibits the AMFE only for this
particular mixture of monovalents because the channel displays forFig. 3. Test for the presence of AMFE for the cardiac RyR channel using various mixtures of tw
reversal potential (Erev,●) are plotted as a function of mole fraction of one selected ion presen
was adjusted to 8 mM for Ba2+–Ca2+, Ba2+–Sr2+, Ca2+–Li+, Ca2+–Cs+ mixtures and 96 mM for N
channel. The individual points are the average of more than ﬁve experiments, and the SD isboth ions approximately the same ion conductance (516 pS and 588 pS,
respectively) [14]. Therefore, Cs+ can efﬁciently reduce the Na+ current
to cause an anomaly. In our study, themain divalent ionswere Ca2+ and
Ba2+. According to the situation with monovalents, we chose as a
further divalent ion Sr2+. The ion conductance for Ba2+ and Sr2+ is
similar and approximately two times higher than for Ca2+ (199 pS,
183 pS and 94 pS, respectively) [14]. Fig. 2 shows representative
current traces of the RyR channel using all tested mixtures. Channelso permeant ions on the luminal face of the channel. The ion conductance (G,○) and the
t in the mixture. Total concentration of permeant ion on the luminal face of the channel
a+–Cs+ and Na+–Li+ mixtures, while 96 mM Li+ was present on the cytosolic side of the
indicated with error bars.
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summarizes the behavior of the ion conductance and the reversal
potential in the following mixtures of ions: Ba2+–Ca2+, Ba2+–Sr2+,
Ca2+–Li+, Ca2+–Cs+, Na+–Cs+, Na+–Li+. For only the Na+–Cs+ mixture, we
did reveal a deepminimum at amole fraction of Cs+ of 0.75 (72mMCs+
and 24 mM Na+). The ion conductance in this minimum (209±19 pS,
n=5)was signiﬁcantly smaller in comparisonwith the ion conductance
measured in either pure Na+ (363±25 pS, n=5) or pure Cs+ solutions
(357.1±23.7 pS, n=5). For all other tested mixtures, both parameters
changed monotonically, and it is apparent that there is no signiﬁcant
anomalous behavior withmole fraction. The concentration of Li+ ion in
cis solutions has been kept at 96 mM. Thus, only for mixtures of
monovalent ions, the total ion concentration on both sides of channelFig. 4. Effect of experimental conditions on the presence of AMFE for the cardiac RyR channe
function ofmole fraction of Li+ or Cs+ inmixturewith Ca2+ when 96mM (▲) or 8mM (●) Li+ w
the channel, in Ca2+–Li+ and Ca2+–Cs+ mixtures, was adjusted to 8 mM. The individual pointswas equal. Standardly, AMFE experiments are performed using the
equal total ion concentration in cis and trans solutions tominimize the
potential competition between ions in cis and trans solutions in
determining net current. Therefore, we repeated the measurements
with 8 mM Li+ in cis solution to check whether or not the AMFE was
masked. Fig. 4 summarizes our results. We focused on Ca2+–Li+
and Ca2+–Cs+ mixtures because, in those cases, we suspected a
potential competition between monovalents permeating the RyR
channel in opposite directions. Indeed, we found a minimum in the
ion conductance for mixture of Ca2+ with Li+ at a Li+ mole fraction of
0.87 (7 mM Li+ and 1 mM Ca2+). The ion conductance in this minimum
(77±5 pS, n=5) was signiﬁcantly smaller in comparison with that
measured in either pure Ca2+ (97±7 pS, n=5) or pure Li+ solutionsl. The reversal potential, the ion conductance, and the current amplitude are plotted as a
as present in the cis solution. Total concentration of permeant ions on the luminal face of
are the average of more than ﬁve experiments, and the SD is indicated with error bars.
Fig. 5. Concentration dependence of the Li+/Ca2+ bi-ionic reversal potential. The reversal
potential was determined under bi-ionic conditions when Li+ was present on the
cytosolic face and Ca2+ on the luminal face of the cardiac RyR channel. Luminal Ca2+ was
varied from 5 mM to 53 mM, and the three different Li+/Ca2+ concentration ratios were
tested (1, ; 5, ○ and 12, ●). The individual points are the means of more than four
experiments and the SD is indicated with error bars.
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current amplitude yielded an indication of anomalous mole fraction
behavior. Interestingly, we did not reveal the AMFE in all three tested
parameters for the mixture of Ca2+ with Cs+; although, anomalous
behavior in the current amplitude was computed by PNP/DFT model
and further veriﬁed not using a standard experimental protocol [28].
3.3. Concentration dependence of the reversal potential
Further information about ionpermeation through theRyR channel
can be obtained from the concentration dependence of the reversal
potential determined under bi-ionic conditions when the ion con-
centration ratio is constant. Fig. 5 summarizes our results with Li+ on
the cytosolic face of the channel and Ca2+ on the luminal face. We
performed this set of experiments under asymmetric conditions when
the concentration of Li+ was either equal or ﬁve or twelve times higher
than concentration of Ca2+. The RyR channel displayed signiﬁcant
variation in the reversal potential as the concentration of luminal Ca2+
was increased from 5 mM to 53 mM while matching this with the
appropriate Li+ concentration so as tomaintain the concentration ratio
constant. For all tested ratios, we found a clear anomaly at 8 mM
luminal Ca2+ and saturation at higher tested concentrations. The
minimum was the deepest for ratio of 12 (a 1.8-fold reduction in
the reversal potential determined at 53 mM luminal Ca2+, from
−25.1±2.3 mV to −46.0±2.2 mV, n=5) and less pronounced for ratios
of 5 (a 1.23-fold reduction, from −35.0±1.5 mV to −43.0±2.6 mV, n=5)
and 1 (a 1.22-fold reduction, from −45.6±1.7 mV to −55.8±3.8 mV,
n=5). This indicates that the occurrence of an anomaly strongly
depends on the experimental conditions.
4. Discussion
In our study, we focused on a systematic examination of anomalous
behavior in the permeationproperties of the RyR channel isolated from
the rat heart.
A new PNP/DFT model of the RyR channel computed the AMFE for
the mixture of Na+ with Cs+. Interestingly, this mixture was not pre-
viously tested experimentally by Lindsay et al. [5]. In their study, theabsence of anomaly in the ion conductance measured in the mixtures
of Li+ with K+ and Na+ with K+ was considered as the signature of a
single-ion channel according to the outcomes of barrier models.
Interestingly, the PNP/DPT model did not predict the AMFE for
mixtures of these speciﬁc ion species. Thus, it seems that the selection
of appropriate experimental conditions plays an essential role in
visualizing existent anomalies. In other words, some experimental
conditions might not give a fair chance for a channel to display
anomalous behavior.
The goal of our study was to re-examine speciﬁc permeation
properties of the RyR channel on the single-channel level with the aim
to look for potential anomalies. To avoid the masking effect of the
channel pore saturation, we performed all the experiments at lower
permeant ion concentrations in comparison with those examined
previously. Furthermore, we chose speciﬁc mixtures of ions that
should uncover existent anomalies following the outcomes of the new
AMFE theory developed by Gillespie et al. [29].We tested the presence
of the AMFE for the RyR channel using variousmixtures of twodivalent
ions; divalent with monovalent ions as well as two monovalent ions.
From the qualitative point of view, some of the ionmixtures have been
already tested [5,10,23,28]. In those studies, the total ion concentration
was adjusted to ∼200 mM when the channel pore was already
saturated by eithermonovalent or divalent ions.We used substantially
lower total ion concentrations (8 mM for divalents and 96 mM for
monovalents) to unmask existent anomalous behavior of the ion
conductance and the reversal potential.
Our results obtained formixtures of two divalent ions indicate, that
even in a non-saturating state, the RyR channel did not exhibit the
AMFE. Thus, we can conclude that the failure to demonstrate the AMFE
for mixture of Ba2+ with Ca2+ [5,10], which was re-examined in our
study, was not caused by saturating effect.
Recently, Gillespie [28] came up with new predictions of the AMFE
for the RyR channel using mixtures of Ca2+ with various monovalents.
In respect to our study, it is interesting that the deep minimum was
predicted and further proved experimentally in the current amplitude
for the mixture of Ca2+ with Cs+. An anomaly appeared when 1 mM
luminal Ca2+ was added to the 100 mM Cs+ solutions present on both
sides of the channel, which is not the standard experimental approach
for the AMFE. In this study, we focused on the ion conductance and the
reversal potential as indicators of mole fraction anomalies. At least for
these parameters, we did not ﬁnd the AMFE using a mixture of Ca2+
with Cs+. Considering the fact that the AMFE could be expressed for
only one parameter, we also inspected the behavior of the current
amplitudewith varyingmole fractions. Even for this parameter, we did
not demonstrate the existence of any minimum at 1 mM luminal Ca2+
in the mixture with 7 mM Cs+. To exclude the potential competition
effect of 96 mM Li+ in the cis solution, we performed the same set of
AMFE experiments keeping the total ion concentration on both sides of
the channel equal (8 mM). However, this also did not help us to reveal
an anomaly.
The PNP/DFT model made pure theoretical predictions of a small
minimum for the mixture of Ca2+ with Li+ [28]. In this case, the
situation was more complicated. When we used 96 mM Li+ on the
cytosolic face of the channel, we did not observe any anomaly in the
mole fraction dependence of all three tested parameters. However,
when the concentration of Li+ ions in cis solution was decreased to
8 mM, thus making the total ion concentration in both cis and trans
solutions equal, the RyR channel exhibited a small minimum in the ion
conductance when the mole fraction of Li+ was 0.87. However, the
anomaly was not seen in the current amplitude that is contradictory to
the PNP/DFT model calculation. The source of the aforementioned
discrepancies is unclear, but they might reﬂect differences in
experimental approaches. We used a traditional approach for AMFE
experiments, such as keeping the total ion concentration of the
mixture constant. However, Gillespie [28] used an alternative experi-
mental protocol when the concentration of monovalent ions on both
2571Z. Tomaskova, M. Gaburjakova / Biochimica et Biophysica Acta 1778 (2008) 2564–2572sides of the RyR channel was kept ﬁxed and only the concentration of
luminal Ca2+ was increased.
Consistent with the PNP/DFTmodel [23], we found a clear anomaly
for the ion conductance measured in mixtures of Na+ with Cs+. Our
results provide the second experimental veriﬁcation of the theoretical
prediction, although we used lower total ion concentration in our
mixtures (96 mM) as compared with the previous study (250 mM)
[23]. Importantly, the position of the minimumwas also in agreement
with the model and the performed experiments (Cs+ mole fraction of
0.75).
The RyR channel exhibited clear AMFE for the Na+–Cs+ mixture
due to the similar ion conductance of the channel for these permeant
ions and the preferential selectivity of the pore for Na+ over Cs+ ion
(permeability ratio PCs/PNa=0.53) [14]. According to the recently
published AMFE theory [29], these are the essential requirements to
see the AMFE for synthetic nanopores serving as a model of biological
channels. The RyR channel exhibits similar selectivity for Ba2+
and Ca2+ (PBa/PCa=0.89), Ba2+ and Sr2+ (PBa/PSr=0.86), and Na+ and
Li+ (PNa/PLi=1.16) [14]. Thus, for mixtures of these ions, the RyR
channel should not exhibit anomalies. Indeed, under our experimental
conditions, we did not ﬁnd any sign of anomalous behavior in the ion
conductance, a parameter considered in the AMFE theory. The RyR
channel is substantially more selective for divalent over monovalent
ions (PCa/PLi=6.56; PCa/PCs=10.65) that favor the occurrence of ano-
malous behavior. The reason for the absence of the AMFE for a Ca2+–Cs+
mixture in our study is likely to be attributable to the signiﬁcant
difference in the ion conductance of the RyR channel for Ca2+ and
Cs+ (GCa/GCs ∼2). Conversely, the small minimum in the ion con-
ductance was revealed for the Ca2+–Li+ mixture because the RyR
channel exhibits similar ion conductance for these ions under our
experimental conditions. Taken together, our AMFE experiments
performed on the RyR channel strongly support the predictions of
newly developed AMFE theory, which has so far been applied only to
synthetic nanopores.
According to barrier models [25], the concentration-dependent
reversal potential measured under bi-ionic conditions is consistent
only with a multi-ion occupancy of a channel pore. Tinker and
Williams [10] reported no changes of the K+/Ca2+ bi-ionic reversal
potential when the concentration of K+ on the cytosolic face and the
concentration of Ca2+ on the luminal face of the RyR channel were
increased equally from 50 mM to 400 mM. Barrier models do not limit
experimental conditions considering the magnitude of the bath ion
concentration ratio. Therefore, we decided to examine more Li+/Ca2+
concentration ratios, namely, 1, 5 and 12. In addition, we used lower
concentrations of Ca2+, ranging from 5 mM to 53 mM, in comparison
with Tinker and Williams [10]. Surprisingly, under all tested condi-
tions, we found a clear concentration dependence of the reversal
potential with the appearance of a minimum that was the deepest for
the ratio of 12. Thus, our results again point to the fact that there are
some speciﬁc experimental conditions that could provide crucial
information about studied phenomenon, and it seems that only
theoretical models can help us to identify them unambiguously.
Interpretation of data provided by AMFE experiments depends on
the models and theories of ion permeation. In light of the barrier
models, we revealed two features that are consistentwith the proposal
of multi-ion occupancy of the RyR channel: (1) the presence of the
AMFE for the mixture of Na+ with Cs+ and Ca2+ with Li+; (2) the
concentration dependence of the Li+/Ca2+ bi-ionic reversal potential.
These two characteristics are very strongly compatible with the multi-
ion character of the RyR channel. In terms of original PNP models, we
can conclude that the presence of the AMFE for Na+–Cs+ and Ca2+–Li+
mixtures implies that the RyR channel has localized ion-speciﬁc
chemical interactions in the conductive pore. PNP models predict that
the AMFE can exhibit also channel occupied only by one ion at a time.
However, Gillespie et al. [23] recently brought evidence from their
extended PNP model that the RyR channel pore contains either threeK+ or two Ca2+ ions at a time providing the theoretical prediction of
multi-ion occupancy of the RyR channel pore. Thus, both types of
models agree in the prediction of multi-ion character of the RyR
channel pore; although, using different approaches to treat diffusion
of ions in the channel pore. The concentration dependence of the Li+/
Ca2+ bi-ionic reversal potential remains to be modeled and
interpreted in terms of the PNP theory.
In summary, our study led to new observations that may have
important implications for understanding themechanisms involved in
ion handling in the RyR channel pore. Moreover, our results could be
useful for further validation of ion permeation models developed for
the RyR channel.
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